Sources, composition and occurrence of secondary organic aerosols in the Arctic were investigated 15 at Zeppelin Mountain, Svalbard, and Station Nord, northeast Greenland, during the full annual cycle 16 of 2008 and 2010, respectively. Speciation of three secondary organic aerosol compound groups: 17 organic acids, organosulfates and nitrooxy organosulfates from both anthropogenic and biogenic 18 precursors were in focus. A total of 11 organic acids (terpenylic acid, benzoic acid, phthalic acid, 19 pinic acid, suberic acid, azelaic acid, adipic acid, pimelic acid, pinonic acid, diaterpenylic acid 20 acetate and 3-methyl-1,2,3-butanetricarboxylic acid), 12 organosulfates and one nitrooxy 21 organosulfate were identified in aerosol samples from the two sites using High Performance Liquid suggested that the presence of organic acids and organosulfates at Station Nord was mainly due to 36 long-range transport, whereas indications of local sources were found for some compounds at 37 Zeppelin Mountain. Furthermore organosulfates contributed significantly to organic matter 38 throughout the year at Zeppelin Mountain (annual mean of 13±8%) and during Arctic Haze at 39 Station Nord (7±2%), suggesting organosulfates to be important compounds in Arctic aerosols. 40
compound concentrations followed a distinct annual pattern, where high mean concentrations of 24 organosulfates (47±14 ng m -3 ) and organic acids (11.5±4 ng m -3 ) were observed in January, 25
February and March contrary to considerably lower mean concentrations of organosulfates (2±3 ng 26 m -3 ) and organic acids (2.2±1 ng m -3 ) observed during the rest of the year. At Zeppelin Mountain, 27 organosulfate and organic acid concentrations remained relatively constant during most of the year 28 at a mean concentration of 15±4 ng m -3 and 3.9±1 ng m -3 respectively. However during four weeks 29 of spring remarkably higher concentrations of total organosulfates (23-36 ng m -3 ) and total organic 30 acids (7-10 ng m -3 ) were observed. Elevated organosulfate and organic acid concentrations 31 coincided with the Arctic Haze period at both stations; where northern Eurasia was identified as the 32 main source region. Air mass transport from northern Eurasia to Zeppelin Mountain were associated 33 with a 100% increase in the number of detected organosulfate species compared with periods of air 34 mass transport from the Arctic Ocean, Scandinavia and Greenland. The results from this study 35 suggested that the presence of organic acids and organosulfates at Station Nord was mainly due to 36 long-range transport, whereas indications of local sources were found for some compounds at 37 were combined, filtered through a Teflon filter (0.45 µm pore size, Chromafil) and evaporated until 142 dryness using a rotary evaporator. Each sample was re-dissolved twice in 0.5 mL MilliQ water with 143 3% acetonitrile and 0.1% acetic acid. All prepared samples were stored in a refrigerator at 3-5 °C 144 until analysis. 145
To monitor the efficiency of the extraction of the organic acids, organosulfates and nitrooxy 146 organosulfates, a recovery standard (RSTD) of camphoric acid was added onto each filter before 147 extraction. A mean recovery of 87 (± 13%) was obtained for all samples. Recovery percentages of 148 the internal standard (ISTD) have been included in the calculation of the concentrations of organic 149 acids and organosulfates, the reported concentrations corresponding to a 100% recovery. 150
All sample extracts were analysed on a Dionex UltiMate 3000 HPLC coupled to a quadrupole 151
Time-of-Flight (qTOF) mass spectrometer from Bruker Daltonics (Bremen, Germany) through an 152 electrospray ionization (ESI) inlet. Data was acquired and processed using Bruker Compass 153 software. 154
The HPLC stationary phase was an Atlantis T3, 3μm (150 x 2.1 mm) column from Waters and the 155 mobile phase consisted of 0.1 % (v/v) acetic acid (eluent A) and 95 % (v/v) acetonitrile (eluent B). 156
The applied gradient was a 57 min. multistep gradient with the following course: Eluent B increased 157 from 3% to 20% within the first 20 min. B increased to 60% in 10 min, and then to 90% in 5 min. 158 held at 90% B for 10 min then increased to 100% B within 1 min. Held at 100% B in 5 min, and 159 finally decreased to 3% B within 3 min. held at 3% B during the remaining 3 min. The injected 160 sample volume was 10 µL and the flow rate was 0.2 mL min -1 . The ESI-q-TOF-MS was operated in 161 negative ionization mode under the following conditions: nebulizer pressure at 3.4 bar, dry gas flow 162 8.0 L/min, collision energy 6.0 eV, Collision RF 120 and transfer time 50.0 µs. 163
Organic acids were identified and quantified using authentic standards. Organosulfates and nitrooxy 164 organosulfates were identified from their loss of SO 3 -(m/z = 80) or HSO 4 -(m/z = 97) and an 165 additional neutral loss of HNO 3 (m/z = 63) in the case of nitrooxy organosulfates (Surratt et al., 166 2007 ). Organosulfates were quantified using an authentic β-pinene organosulfate standard 167 (synthesized in-house according to a method described by ) followed by 168 purification using Medium Pressure Liquid Chromatography (MPLC)), while nitrooxy 169 organosulfates were quantified using a surrogate standard of octyl sulfate (Sigma Aldrich), chosen 170 due to similar chromatographic retention time as the identified nitrooxy organosulfate. 171
A linear relation between peak area and concentration was established and applied for 172 quantification of pimelic acid, benzoic acid, azelaic acid, suberic acid, cis-pinic acid, terpenylic 173 acid, β-pinene (organosulfate standard, OS surrogate) and octyl sulfate (nitrooxy organosulfate 174 standard, NOS surrogate). A quadratic relation between peak area and concentration was 175 established and applied for quantification of adipic acid, phthalic acid, pinonic acid, diaterpenylic 176 acid acetate (DTAA) and 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA). The correlation 177 coefficients R 2 of all calibration curves were better than 0.99 (n = 8 data points) and detection limits 178 of all compounds fall within the interval of 0.01 -0.33 ng m -3 . 179
Regarding uncertainties on the measurements it is estimated that the total uncertainty on the organic 180 acid and organosulfate concentrations is approximately 15 %. This estimate is based upon analytical 181 errors (calibration curve and laboratory equipment), uncertainty on the extraction efficiency and 182 uncertainty on the collected air volume. 183
Supplementary analysis

184
Samples for analysis of organic and elemental carbon (OC/EC) in atmospheric aerosol were 185 collected at Zeppelin station. The OC/EC analysis was carried out with a thermal optical 186 transmittance (TOT) method using a Thermal/Optical Carbon Aerosol Analyser (Sunset Laboratory  187 Inc., USA) following the NIOSH method 5040. Details about the OC/EC analysis can be found in (Krecl et al., 2007 
207
In this study, the global Model of Emissions of Gases and Aerosols from Nature (MEGAN) was 208 used to estimate emissions of the biogenic VOC (BVOC) (Guenther et al., 2006) . 209
The MEGAN model estimates the emission rate of isoprene based on empirical relationships for 210 key drivers of temperature, radiation, soil moisture, leaf area index and foliage age. These activity 211 factors account for the isoprene emission factor response to the environmental conditions. The 212 emission factors are the plant functional type (PFT) dependent isoprene emission rates at the 213 standard conditions. Here, we used the MEGAN v2.04 dataset, which comprises the geographical 214 distribution of both the fractional cover and the emission factor for six PFTs: Broadleaf tree, needle 215 leaf evergreen tree, needle leaf deciduous tree, shrub, and crop. Each area of the Earth's land surface 216 in the model domain is assigned to a fraction of these PFTs. In general, the emission model 217 MEGAN calculates the total flux of isoprene within every grid cell as the sum of emissions from 218 each PFT. 219
The empirical algorithm of MEGAN is conducted similarly to calculate hourly emission rates of 220 monoterpenes. However, due to the ability of monoterpenes to be stored in the plant, MEGAN 221 describes the effect of radiation on the monoterpene emission rates based on an alternative process 222 (Sakulyanontvittaya et al., 2008) . MEGAN uses a light-dependence fraction to take into account the 223 fraction of monoterpene emissions that influenced by light intensity. Furthermore, the response of 224 monoterpene emission rates to the temperature is also parametrized in a simple and different 225 approach from the isoprene one (Sakulyanontvittaya et al., 2008) . 226
The monoterpene emission rates are a summation of calculated emission rates for seven 227 monoterpene compounds (-pinene, -pinene, ocimene, limonene, sabinene, myrcene, and delta3-228 carene) by the MEGAN model. be an anthropogenic tracer, may be of biogenic origin as well, derived from the oxidation of 253 unsaturated fatty acids (Kawamura and Gagosian, 1987) . In Table S1 an overview of the structures 254 and suggested precursors of the carboxylic acids are given. The organosulfates are less studied, this 255 being the first investigation of their speciation in the Arctic. The suggested molecular formulas, 256 structures and precursors of the organosulfates identified in this study are listed in Table 1 . chamber experiments other organosulfates and nitrooxy organosulfates were identified as well, 305 three of which were also detected in our Arctic aerosol samples (OS 238, OS 265, NOS 310), 306 however, all three compounds were below the detection limit and will not be mentioned further. 307
Emissions of monoterpenes were modelled during summer, autumn, winter and spring using the 308 Table 1, while structures  331 and precursors are not listed for these six compounds as they are not identified yet. suggested that during this week aerosols at Station Nord could be influenced by biomass burning 382 aerosols; however the source region was unclear. 383
Anthropogenic and biogenic contribution to SOA at Station Nord
384
Of the SOA species analyzed in this study, unknown organosulfates contributed the most to Arctic 385 haze aerosols followed by the identified anthropogenic organosulfate compounds, anthropogenic 386 acids, biogenic acids and finally the biogenic organosulfates. The small contribution of biogenic 387 SOA compounds observed in week 4 (January) through 12 (March) is not surprising, since emission 388 of monoterpenes is limited in the Arctic and the Russian source regions (see Figure 3) . 389
Interestingly, maximum concentrations of the identified BSOA tracers were observed during the 390 Arctic haze period and not during summer, when emissions of BVOCs are expected to be highest. 391
This result suggests that long-range transport and inefficient removal processes during winter and 392 spring are possibly more important factors affecting concentrations of BSOA at Station Nord than 393 emissions in the region during summer. 394
The molar ratio of C 6 (azelaic acid)/C 9 (adipic acid) organic acids can be used to estimate the 395 anthropogenic to biogenic contribution to SOA, as suggested by Ho organosulfates, but with only few available data points (n < 6) no final conclusions could be drawn. 500
Regarding the organosulfate concentration levels at Zeppelin Mountain (Figure 6 ), the stable 501 concentration observed during most weeks (week 1 to 5, 11, 15 and 19 to 51) remains unexplained. 502
The specific organosulfate composition showed a distinct variation during the annual cycle ( Figure  503 7) suggesting changes in sources and emissions, which were supported by the trajectory analysis as 504 well as the emission maps (Figure 2 Yakutsk as potential source regions of Arctic haze and organosulfates at both sites. Furthermore, at 518
Zeppelin station it was observed that the complexity (i.e. number) of organosulfate species washighly dependent on source area. When Russian areas were involved as source regions, the 520 organosulfates showed a 100% increase in complexity compared to source areas such as Greenland, 521 coastal areas of Scandinavia and the Arctic Ocean. 522
Six organosulfates (OS180, OS 196a, OS 196b, OS 208, OS 210 and OS 224), which to our 523 knowledge have not been reported before, were observed at both sites. OS 180 and OS 224 524 correlated perfectly with OS 168 and 182, which have been suggested to form from methacrolein, 525
indicating that methacrolein could be the precursor of these two organosulfates as well. Based on 526 this study it has not been possible to deduce structures or to account for precursors for the other four 527
organosulfates. It is, however, suggested that the precursors are of anthropogenic or marine origin 528 as the organosulfate formation from major terrestrial BVOCs, isoprene and monoterpenes, have 529 been studied thoroughly in smog chamber studies. to air pollution in the Arctic (Ottar, 1989; Pacyna et al., 1985) . 863
